A new approach to quantifying myocyte cell death utilizing fluorescence-activated sorting of antimyosin antibody-labeled cells was used to study the effects of oxygen-generated free radicals on cell survival. Uptake of antimyosin, reflecting sarcolemmal damage, increased under conditions which promoted elevated free radical formation and decreased in the presence of increased levels of free radical-scavenging agents. Superoxide dismutase decreased antimyosin uptake at pH 6.7 and 7.5. Mannitol decreased antimyosin uptake at pH 6.5 and 6.7 but not at pH 7.5, and dimethyl sulfoxide decreased antimyosin uptake at pH 6.4 but not at pH 7.5. These data suggest that a greater portion of hydroxyl radicals are produced at higher concentrations of hydrogen ion. Mannitol, a scavenger of hydroxyl radicals, was effective in reducing antimyosin uptake at pH 7.5 in the presence of ferrous sulfate, but had no effect on antimyosin uptake in the absence of ferrous sulfate, suggesting possible iron-mediated catalysis of hydroxyl radical formation. The data suggest that oxygen-derived free radicals can cause significant loss of membrane integrity in cultured myocytes, that the species of radical formed is dependent both on pH and the concentration of iron salts, and that this injury is, at least in part, preventable by the administration of exogenous radical scavenging agents (Circ Res 56: 72-77, 1985) 
RECENT work has suggested a role for free radicalmediated processes in myocardial damage, especially with respect to the reoxygenation of hypoxic tissue (Guarnieri et al., 1978 (Guarnieri et al., , 1980 Del Maestro, 1980; Schlafer et al., 1982) . It is thought that the intracellular accumulation of reducing equivalents during hypoxia leads to the increased generation of oxygen radical species when ischemic tissue is reoxygenated. Certain antioxidant compounds (e.g., selenium and tocopherols) are capable of decreasing this reoxygenation damage, presumably by a mechanism involving free radical detoxification or "scavenging' (Guarnieri et al., 1978; Schlafer et al., 1982) .
In a previous paper we presented a new technique involving laser-activated cell sorting of myocardial cells labeled with fluorescent antimyosin-antibody (Khaw et al., 1982) . This method can detect membrane defects when fluorescent-labeled antibody binds to the intracellular protein, myosin, indicating a loss of cell membrane integrity. This provides an extremely sensitive and specific method for detecting and quantifying membrane damage to the myocardial cell in tissue culture. We now have examined the importance of free radical-mediated cellular damage in this tissue culture system, and the role of radical scavenging enzymes and the chemical scavengers, dimethyl sulfoxide and mannitol, in preventing this damage. The effectiveness of these agents in reducing antimyosin uptake was examined with respect to extracellular pH, since different rad-ical species have been reported to predominate at varying pH values (Hess et al., 1982) .
Methods

Cell Culture Preparation
Neonatal CD-I mice (Charles River Breeding Laboratories) were exsanguinated, and the hearts treated with 0.125% trypsin-ethylenediamine tetraacetic acid (EDTA) and gently stirred until the cells were dissociated. The separated neonatal murine myocytes were then allowed to stabilize for 3-4 days in Dulbecco's minimal essential medium (DMEM)-10% fetal calf serum (FCS) (Gibco). Cells were incubated in a 7% CO2 humid atmosphere at 37°C (Scott et al., 1981; Khaw et al., 1982) .
Preparation of Antimyosin-Coupled Covaspheres
Cardiac myosin was extracted from the hearts of 100 CD-I mice by the method of Katz et al. (1965) . Purified cardiac myosin was used to immunize rabbits as previously described (Khaw et al., 1976) . Antisera thus obtained were applied to a murine cardiac myosin-agarose immunoadsorbent prepared by the cyanogen bromide-activation method of Cuatrecasas (1970) . Specific anticardiac myosin antibody was desorbed with a guanidine-HCl gradient and renatured by stepwise dialysis. Antimyosin antibody activity was determined by its binding capacity for I25 I-murine cardiac myosin. Purified antimyosin at 1 mg/ml was then coupled to 100 jtl of preactivated Covaspheres (Covalent Technology). Between 100 and 150 ng antimyosin antibody was incorporated into 100 nl of the Covasphere suspension. Spheres were washed in DMEM three times and then suspended in 1 ml of DMEM and stored at 4°C until used.
Interventions
Cells were incubated in DMEM-10% fetal calf serum for 24-hour periods after gassing with a 93% O 2 -7% CO 2 mixture. The Po 2 was measured with an oxygen analyzer at the end of the incubation. Cells were incubated at various pH levels ranging from 6.7 to 7.5, effected by varying the CO 2 content in the culture chamber, or by adding dilute HC1 to the incubation medium. Chemical buffering agents were not added, to avoid possible competing chemical mechanisms of radical scavenging. Readings of the pH were taken after 24-hour incubation periods. Measurements were taken on quadruplicate cultures of cells.
Bovine superoxide dismutase (3000 U/mg, Sigma Chemical Co.), mannitol (Sigma Chemical Co.), FeSO 4 (Sigma Chemical Co.), or dimethyl sulfoxide (DMSO, MCB Reagents) was added to culture medium prior to 24hour incubation with antimyosin-labeled Covaspheres, at 37°C.
Separation of Labeled Cells
At the beginning of each 24-hour incubation period, each flask received 50 nl of antimyosin-labeled Covaspheres. After incubation, the medium was removed and saved. The cells were washed twice with fresh media and then treated with 0.25% trypsin-EDTA to dissociate the myocytes from the flasks. Exposure to trypsin was limited during cell preparations, since incubation of cells in the presence of trypsin for periods exceeding approximately 15 minutes (at 37°C) caused trypsin-related increases in sarcolemmal injury. Aliquots of 3 ml DMEM with 10% FCS were added to inactivate the trypsin. Unbound Covaspheres were separated by employing a fetal calf serum gradient and centrifuging at 100 g for 6 minutes. Cells with bound Covaspheres were recovered in the pellet, which was resuspended in 0.5 ml FCS. These preparations were examined with a fluorescence microscope. The remainder of each sample was used for cell sorting in a FACS III (Becton-Dickinson) sorter employing a 70-^m nozzle and a logarithmic amplifier. The laser settings were at the lowest level. The size and fluorescence parameters were held constant for each experiment to ensure valid comparison of high and low fluorescence populations. Ten thousand cells were counted in each culture. Triplicate or quadruplicate cultures were used to examine each intervention. The sorted cells were grouped into low (0-5 spheres/cell) and high (6-100 spheres/cell) populations. The instrument settings were determined by isolating the myocyte peak and bracketing the window settings to encompass the myocyte size range. Fluorescence settings were made with a logarithmic amplifier calibrated to correspond to the number of microspheres/cell. Results are expressed as the percentage of cells demonstrating greater than 5 microspheres/cell. This degree of uptake has previously been shown to correlate with irreversible cellular injury (Khaw et al., 1982) . Selected cells were examined by the trypan blue exclusion test and plated in culture medium as a further test of viability.
Statistical Analysis
Data were expressed as irreversibly injured cells (cells containing greater than 5 spheres/cell divided by total cells counted) to conform to a Gaussian distribution.
Analysis of variance was used in evaluating data followed by the performance of the (-test modified for multiple comparisons (Bonferroni's method). Results are expressed as mean ± 1 SEM.
We examined the effect of DMSO and superoxide dismutase in a cell-free antimyosin radioimmunoassay to determine the extent to which nonspecific competitive binding might interfere with our results in tissue culture. DMSO reduced maximal antigen binding from 75% in controls without added DMSO to 71% at 1% (vol/vol) DMSO, 70% at 2% (vol/vol) DMSO, and 66% at 5% (vol/ vol) DMSO. The superoxide dismutase preparation used in these experiments was also examined in the radioimmunoassay system at a 0.5 mg/ml concentration with no evidence of interference with antimyosin binding.
Results
Effect of Oxygen Concentration on Cellular Injury
The effect of changing the concentration of environmental oxygen on cellular injury was examined. At an ambient Po 2 of 61 mm Hg, the percentage of irreversibly injured cells was 8.9 ± 2.8, whereas at a Po 2 of 140 mm Hg, the percentage was 27.7 ± 5.8 (P < 0.05), consistent with an effect of oxygen concentration on cellular injury. Overall, no significant change in cellular injury was seen as the Po 2 was increased from 140 to 300 mm Hg, suggesting that a relatively small increase in oxygen radical production occurs between these oxygen tensions, consistent with data reported in radiation experiments (Hall, 1978) . We incubated cells at the higher oxygen concentration, however, to obtain optimal conditions for free radical production.
Effect of Radical Scavenging Agents on Cellular Injury
We examined the effect of superoxide dismutase and mannitol as examples of water-soluble radical scavenging agents. Both agents reduced cellular injury, although in the case of mannitol the reduction was pH dependent. Superoxide dismutase (0.5 mg/ ml) decreased the number of irreversibly injured cells relative to control cultures at pH 6.7 (P < 0.05) and pH 7.5 (P < 0.001) as shown in Figure 1 . Mannitol (20 HIM) decreased the number of irreversibly injured cells at pH 6.5 (P < 0.001) and 6.7 (P < 0.05), but did not affect cellular injury at pH 7.5, as shown in Figure 1 .
DMSO was examined as an example of a membrane-permeable radical scavenging agent with primary hydroxyl radical scavenging capacity (Dorfman and Adams, 1973) . At a 5% (vol/vol) concentration, DMSO reduced cellular injury at pH 6.4 (P < 0.05), but not at pH 7.5, as shown in Figure 2 . SOD 6.5 6.7 7.5 pH MANNITOL FIGURE 1. The water-soluble radical scavengers superoxide dismutase (SOD) and mannitol each were effective in reducing cellular injury at pH 6.7 (P < 0.05), whereas only superoxide dismutase was effective at pH 7.5 (P < 0.001). Mannitol reduced antimyosin uptake at pH 6.5 (P < 0.001) and pH 6.7 (P < 0.05). subgroup is absent in the DMSO-treated cells. Furthermore, this control group contains a subgroup of cells binding a greater number of antimyosin-coated spheres, as shown by the arrow. Gating with the FACS analyzer indicated that these highly fluorescent cells were those of greater apparent volume as measured by forward light scatter. DMSO treatment abolishes the majority of this population. This result was also typical for those cells treated with superoxide dismutase or mannitol when protection was demonstrable.
Effect of Ferrous Ions on Cellular Injury
We examined the effect of ferrous sulfate to assess the importance of the metal-catalyzed Haber-Weiss reaction in influencing cellular injury. This reaction, as outlined in the Discussion, provides a route for the formation of hydroxyl radicals from superoxide and hydrogen peroxide (Halliwell, 1982) . Figure 4 illustrates the effect of 50 fiM FeSO 4 in altering the distribution of free radicals at pH 7.5. Mannitol (20 ITIM) alone was ineffective in reducing cellular injury at this pH, consistent with a relative minority of hydroxyl radicals among the injurious radical spe- 
. Ferrous sulfate (50 HM) and mannitot (20 mwi) are shown with respect to their effects, alone and in combination, on cellular injury a pH 7.5. Note that mannitol is effective in reducing cellular injury in the presence of ferrous sulfate (P < 0.001). Irreversible injury in control cultures was 18.0 ± 1.3%. The number of injured cells in treated preparations is expressed as a percentage of the number of injured cells in the control cultures.
cies. FeSC>4 alone also has no effect on cellular injury, suggesting that, whereas iron salts catalyze the conversion of superoxide to hydroxyl radicals, they do not affect cellular injury, since both superoxide and hydroxyl radicals are injurious to the cell. Additionally, in the presence of both FeSO 4 and mannitol, FeSO 4 -produced hydroxyl radicals (from the superoxide species) are now scavenged by mannitol, thus reducing cellular injury. Therefore, both FeSO 4 and mannitol are necessary for effective scavenging of the superoxide species.
Discussion
This work confirms and extends prior observations (Guarnieri et al., 1978 (Guarnieri et al., , 1980 Del Maestro, 1980; Schlafer et al., 1982; Meerson et al., 1982) that free radical-mediated processes can play a significant role in the production of irreversible cellular injury, a finding of particular relevance in view of the hypothesized role for free radical injury during reoxygenation as postulated by Meerson et al. (1982) . According to this hypothesis, normal cardiac tissue contains enzymatic chemical agents capable of detoxifying highly reactive free radical compounds derived mainly from molecular oxygen. During ischemia, several conditions prevail which lead to increased free radical formation upon reintroduction of oxygen. These include the intracellular accumulation of reducing equivalents, the conversion of xanthine dehydrogenase to xanthine oxidase, and the accumulation of by-products of ATP hydrolysis which act as substrates for free radical production through the action of xanthine oxidase (Hess et al., 1982; Rao et al., 1983) . The subsequent reintroduction of oxygen during reperfusion leads to increased reduction of molecular oxygen and increased free radical levels. The cell, unable to detoxify this radical load, suffers irreversible injury, largely related to the peroxidation of membrane lipids. It has been suggested that an exogenous supply of radical scavenging agents prior to and during reperfusion of ischemic tissue can minimize this type of radical-mediated injury.
Since irreversible injury has been shown to be closely correlated with the loss of membrane integrity (Jennings and Reimer, 1981) and since oxygen radical-mediated injury is primarily directed at unsaturated lipid constituents of the cell membrane (Hess et al., 1982; Meerson et al., 1982) , it seems likely that an assessment of membrane integrity would constitute an excellent marker for determining the extent of radical-mediated cellular injury. We have previously described a method of quantitatively assessing membrane integrity in the cultured myocardial cell using flow cytometry with fluorescent-tagged antimyosin (Khaw et al., 1982) . Although the normal cell membrane is impermeable to a large molecule such as antimyosin antibody, the molecule can bind to intracellular myosin made available by damage to the cell membrane. By quantifying the degree of antimyosin uptake within the cell, the integrity of the sarcolemma can be directly assessed. The method has the advantages of examining individual cells rather than tissue aggregates (as in the isolated perfused heart or intact animal) and permitting simultaneous examination by light or fluorescence microscopy. It also affords the capability of sorting cells into populations based on surface-bound antimyosin. These sorted populations can be subsequently recultured and studied. The method is more sensitive to sarcolemmal injury than other traditional techniques of evaluating membrane integrity, such as trypan blue exclusion (Khaw et al., 1982) and, additionally, permits quantification of membrane injury unavailable from dye uptake techniques. We have previously determined that irreversible cellular injury is associated with the uptake of greater than five antimyosin microspheres/cell (Khaw et al., 1982) , lesser degrees of uptake representing nonspecific adhesion of microspheres to the cell membrane. The ratio of cells containing greater than five microspheres/cell to all cells studied, therefore, provides a measure of the percentage of irreversibly injured cells.
Since an elevated oxygen tension should result in increased oxygen radical production (Hall, 1978) , membrane damage (as evidenced by antimyosin uptake) should be related to ambient oxygen concentrations. The relationship between oxygen partial pressure and oxygen radical formation, however, is probably not linear. Theoretically, oxygen radical formation should rapidly increase between P02 values ranging from 0 to 30 mm and increase more slowly at higher concentrations (Hall, 1978) . Experiments performed with yeast, bacteria, and mammalian cells in culture support this prediction (see Hall) . Since this range corresponds to that expected in the ischemia-reoxygenation transition, oxygen radical levels can be expected to increase rapidly during the course of reperfusion. In our model, antimyosin antibody uptake increases in those cells exposed to environments with ambient P02 of 140 mm Hg as compared to Po 2 of 61 mm Hg, consistent with oxygen radical-mediated sarcolemmal injury. These data are consistent with results in other cell lines where increased plating efficiency of cells was observed at reduced (1-3% O2) environmental oxygen concentrations in comparison with 20% O2 (Richter et al., 1972) . Although oxygen environments exceeding 140 mm Hg at times appeared to increase cellular injury in our system, this effect was not significant, suggesting that oxygen radical production is near maximal at ambient O2 levels.
If oxygen radicals are a cause of membrane injury, then agents that detoxify these substances should have a protective effect on the myocardial cell. These protective agents can be classified as membranepermeable (i.e., agents which can pass through the intact cell membrane and enter the interior of the cell, thus detoxifying both extracellular, intracellular, and intramembranous radicals) and membrane impermeable. DMSO (Szmant, 1975) is an example of the former type, whereas superoxide dismutase, catalase, and mannitol are examples of the latter type of agent. Although there is some evidence that the superoxide radical can pass through lipid bilayers (Fukuzawa and Gebicki, 1983) , the high chemical reactivity of free radical species (especially the hydroxyl radical) suggests that scavenging processes will be most effective when the scavengers are located closest to the site of radical formation.
With regard to membrane-impermeable radical scavengers, we have examined the effects of superoxide dismutase (which catalyzes the production of hydrogen peroxide and water from the superoxide radical) and mannitol (which degrades the hydroxyl radical). Extracellularly administered superoxide dismutase decreased the percentage of dead cells relative to control at pH 7.5 (P < 0.001) and pH 6.7 (P < 0.05). This observation is in accordance with the results of other workers who have found the superoxide radical to be an important mediator of cellular injury, reporting protection of cells with extracellular superoxide dismutase (Hess et al., 1981; Guarnieri, 1981) and increased cellular damage in cells where endogenous superoxide dismutase levels are lowered by diethyldithiocarbamate . A role for the hydroxyl radical at lower pH values is suggested by the observed inhibition of antimyosin uptake at pH 6.7 but not at pH 7.5 in the presence of 20 mM exogenous mannitol or 5% (vol/vol) DMSO, both hydroxyl radical scavengers. It is interesting that Hess and co-workers have also demonstrated a pH-dependent role for the hydroxyl Circulation Research/Vo/. 56, No. 1, January 1985 radical in producing subcellular injury (Hess et al., 1982) consistent with these findings.
Previous work has suggested a role for DMSO in protecting ischemic heart muscle in intact animals (Finney et al., 1967; Leon et al., 1970; Schlafer et al., 1982) and as a scavenger of hydroxyl radicals (Dorfman and Adams, 1973; Repine et al., 1981) . In our experiments, cells incubated with 5% DMSO showed significantly decreased cellular injury at pH 6.4 (P < 0.05) but not at pH 7.5. These findings are consistent with greater importance of the hydroxyl radical in producing cellular injury at lower pH values. The ability of DMSO to reduce cellular injury may in part relate to its ability to pass through the cell membrane and scavenge intracellular and intramembranous radicals in addition to radicals in the extracellular space. Caution must be taken with this interpretation, however, since, in addition to its hydroxyl radical-scavenging properties, DMSO possesses membrane-stabilizing effects possibly unassociated with radical scavenging (Szmant, 1975) .
We investigated the importance of ferrous ions in producing sarcolemmal injury, since iron is a wellknown catalyst of peroxidation reactions (Halliwell, 1982) and is present in human blood at concentrations of approximately 100 /tg/100 ml. Iron species promote the formation of the highly reactive hydroxyl radical species by the metal-catalyzed Haber-Weiss reaction (Halliwell, 1982) Thus, iron catalyzes the formation of the hydroxyl radical from superoxide and hydrogen peroxide. Iron salts should reduce the concentration of the superoxide anion and increase the concentration of hydroxyl radicals as a result of this reaction. To elucidate the role of iron catalysis in our system, we examined the effect of mannitol and ferrous sulfate (50 HM) on antimyosin antibody uptake. Ferrous sulfate alone did not alter cellular injury relative to control cultures. Mannitol reduced cellular injury at pH 7.5 in the presence of FeSO 4 (P < 0.001) but not in its absence. This is consistent with the conversion of superoxide to hydroxyl radicals by FeSO 4 with scavenging of the latter species by mannitol, thus reducing the radical load to which the cell membrane is exposed.
These results support a role for free radical-mediated processes in the production of sarcolemmal injury in the myocardium. The ability of exogenously administered membrane-impermeable agents to reduce sarcolemmal injury is consistent with extracellular activity of injurious radical species. The marked reduction in uptake afforded by the membrane-permeable agent, DMSO, underlies the importance for intracellular radical activity in the generation of sarcolemmal injury (Hassan and Fridovich, 1980) . Further work should lead to a greater understanding of the critical metabolic com-plexities in the heart's biochemical transformations of molecular oxygen.
